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Abstract 
The increasing awareness of environmental impacts along with the possible ecological impact reductions due to good maintenance leads to a 
demand for research about integration of ecological aspects in maintenance management. This paper investigates this by developing a 
framework that integrates ecological aspects in maintenance management. As such, an economic and ecological analysis tool, covering several 
maintenance policies, is developed. Based on the presented models it is possible to determine the optimal maintenance interval considering an 
economic, ecological and integrated optimum. Finally, the developed model is verified and validated by application to a case study of a cutting 
tool of a turning machine. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Within traditional maintenance management, the 
implementation and optimization of specific maintenance 
policies and strategies is mainly based on cost and availability 
criteria [1]. However, maintenance actions often have a non-
negligible impact on energy and resource consumption and 
related environmental impacts [2]. The last decade, a green 
image became more important which resulted in an increasing 
awareness of the importance of ecological impacts. Therefore, 
it becomes centrally relevant to take ecological aspects into 
account in maintenance management. The major objective of 
the research presented in this paper is to make an initial 
contribution towards the development of a model that 
integrates ecological aspects in maintenance decision making 
and optimization. 
1.1. Related research 
Many research contributions have been made with regard 
to ecological studies (LCA analysis) on production machine 
tools [3,4]. Even more studies on maintenance management 
and economic optimization of maintenance policies appeared 
in literature [1,5,6,7]. However, the number of studies which 
contain the combination of both is relatively small. A 
distinction between the different models can be made based 
on the level of integration. As such, the available publications 
on the integration of ecological aspects in maintenance 
management can be subdivided into four major groups. 
Firstly, basic integration is considered in several publications 
[8,9,10]. Herein the economic cost and ecological impact are 
calculated in parallel without actual integration of the results. 
Secondly, compared integration, where every possible 
scenario is compared to a base case, is discussed in 
[11,12,13]. Thirdly, partial integration is defined as a 
complete integration for one or more specific items (i.e. 
energy consumption, used resources) [1,9,11,14]. Finally, 
complete integration can be considered, however no 
publications presenting this type of model are available in the 
literature due to several shortcomings. The most frequent 
shortcomings can be summarized as follows: 
? The effect of lubricants or cooling fluids on the component 
aging speed or deterioration is not taken into account. 
? The influence of maintenance on the energy consumption 
during production is not investigated. 
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? The ecological impact of maintenance activities is omitted. 
? The effect of a maintenance policy on the component 
lifetimes is not taken into account. These differences in 
lifetime are important because they influence the material 
usage, resource consumption etc.  
? The loss of resources and/or materials due to component 
failure is not considered. 
1.2. Objective 
The objective of this paper is to make an initial 
contribution towards the development of a framework that 
integrates ecological aspects in maintenance management. As 
such, an economic and ecological analysis tool, covering 
several maintenance policies (i.e. failure-based, block-based 
and use-based maintenance) is developed. Based on the 
presented models it is possible to determine the optimal 
maintenance interval considering an economic, ecological and 
integrated optimum. Finally, the developed model is verified 
and validated by application to a case study of a cutting tool 
of a turning machine.  
The structure of the paper is as follows. Section 2 describes 
the developed framework and model. The developed model is 
validated by application to a case study of a cutting tool of a 
turning machine in Section 3. Finally, Section 4 states the 
major conclusions and future work.  
2. Developed integration framework and model 
The presented integration framework consists of three 
major parts (i.e. inputs, processing and outputs) as shown in 
Figure 1. In the processing part, the input data is processed 
based on both an economic and ecological study. Afterwards, 
these two results are combined based on an integration step. 
The three parts are discussed into more detail in the following 
sections. 
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Fig. 1. Integration framework. 
2.1. Input 
The necessary inputs can be subdivided into four 
categories: maintenance data, company specific data, 
databases, and data obtained by experiments or expert 
knowledge. 
2.1.1. Maintenance data 
The maintenance data consists of the used maintenance 
policy and historical data on the maintenance activities (i.e. 
duration, effectiveness, corrective or preventive…). In this 
paper, three types of maintenance policies are considered: 
failure-based, block-based and use-based maintenance. 
Failure-based maintenance is a purely reactive policy where 
maintenance is carried out only after a component or system 
failure. A block-based maintenance policy is considered when 
a component is maintained every Tb time units, independent 
of the failure history of the component [15]. Under a use-
based maintenance policy a component is always maintained 
after usage Tu or failure, whichever occurs first, where Tu is a 
constant [15]. Next to the maintenance policy, the failure 
distribution function of the components needs to be 
determined. This can be done based on historical data of 
preventive and corrective maintenance actions. The mostly 
used time to failure distribution is the Weibull distribution. 
Hence, in this paper we adopt a two parameter Weibull 
reliability function, with probability density function: 
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Where α is the shape parameter and λ is the scale 
parameter. 
2.1.2. Company specific data 
The information which depends on the specific situation of 
the enterprise is categorized as company specific data. 
Examples of company specific data are: the interest rate used 
for investment decisions, maintenance staff wages, production 
rate, profit rates, used materials (e.g. quantity, composition, 
price, distance to supplier…), used maintenance equipment, 
price of electricity and failure impact.  
2.1.3. Databases 
The ecological impact assessment is performed using the 
Europe ReCiPe H/A Life Cycle Impact Assessment (LCIA) 
method [17]. The required Life Cycle Inventory (LCI) data 
(e.g. materials, processes, end-of-life treatments…) is taken 
from the ecoinvent database [21]. However, the tool allows 
the use of other LCIA methods and/or LCI databases.   
2.1.4. Data obtained by experiments or expert knowledge 
This category includes all essential data which cannot be 
obtained within one of the three previous data sources. This 
data cannot be specified for a standard case and depends on 
the application. The missing data can be obtained with 
experiments and test procedures, analytical or numerical 
models or expert knowledge. In most cases an example of 
unavailable data is the energy consumption during production 
in function of the wear of the equipment or component. 
345 Adriaan Van Horenbeek et al. /  Procedia CIRP  15 ( 2014 )  343 – 348 
Processing
Economic analysis 
ntegration of economic and ecological resultsI      
Ecological analysis 
Economic
Direct & indirect
maintenance aspects
i   i i  
i  
Indirecte
onderhoudsaspecten
I i  
Ecological
Direct maintenance
aspects
i  i  Direct & indirect
maintenance aspects
i   i i  
i  
Indirect maintenance
aspects
I i  i  
LCC
Weighing methodi i  
Company specific
factors
 ifi  
f t r
Standard factorst r  f t r
LCIA
(ReCiPe, ...)
I
( i , ...)
CI
(Ecoinvent)
L I
( i )
Optimal interval and
comparison study
i l i l  
i  
ensitivity analysisS i i i  l i
Optimal interval and
comparison study
i l i l  
i  
ensitivity analysisS i i i  l i
Optimal interval and
comparison study
i l i l  
i  
ensitivity analysisS i i i  l i
Pareto analyse l
Direct maintenance
aspects
i  i  
Maintenance
equipment and
procedures
i  
i   
Downtime lossesi  l
Losses due to failure   f il
Energy consumption i
Losses due to failure   f il
Energy consumption i
Material consumptioni l i
End-of-life materials- f-lif  i l
Maintenance
equipment and
procedures
i  
i   
Downtime lossesi  l
Material consumptioni l i
Staffff
End-of-life materials- f-lif  i l
 
Fig. 2. Processing module of integration framework.
2.2. Processing 
A detailed overview of the processing module is 
presented in Figure 2. The first step is the conversion or 
translation of the gathered data into relevant information for 
both the economic and ecological study. The conversion 
can be divided in direct maintenance aspects, indirect 
maintenance aspects and a combination of both. Direct 
maintenance aspects are all the aspects directly related to 
the performed maintenance actions. Some examples of 
these are used spare parts, lubricants used during 
maintenance, end-of-life treatment of the replaced 
components and production losses during maintenance. 
Indirect maintenance aspects are the ones that are indirectly 
influenced by maintenance. An important indirect aspect is 
for example the energy consumption during production in 
relation to the component deterioration. After this 
preparatory step, the actual economic and ecological 
analysis can be performed. 
The economic analysis is performed by adopting a Life 
Cycle Costing Analysis (LCCA) to combine all the 
economic costs and revenues. LCCA is an economic 
method for project evaluation in which all costs arising 
from design, production, operation, maintenance and 
eventually disposal of a product are considered to be 
potentially important to that decision [16]. Hence, different 
maintenance policies lead to a specific life cycle cost 
(LCC). 
The environmental impacts are determined using the 
Europe ReCiPe H/A LCIA method [17] and ecoinvent LCI 
database [21].  
After composing the inventory of costs and 
environmental impacts of maintenance, the average long-
term cost and ecological impact per time unit can be 
determined for the three considered maintenance policies. 
In order to calculate these costs and impacts the concept of 
renewal theory is used [15]. As such the average long term 
cost (Equation 2) and impact (Equation 3) per time unit for 
failure based maintenance becomes: 
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Where CF is the average long-term cost per time unit and 
IF is the average long-term impact per time unit for the 
failure-based maintenance policy. Cc and Ic are respectively 
the cost and impact of a failure of the component. tc is the 
downtime due to a corrective maintenance action. R(t) is the 
component reliability function. 
The average long term cost and environmental impact 
per time unit as function of the preventive maintenance time 
for block-based maintenance (Equations 4 and 5) and use-
based maintenance (Equations 6 and 7) are defined as 
follows: 
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Where C(Tb) is the average long-term cost per time unit 
and I(Tb) is the average long-term impact per time unit for 
the block-based maintenance policy when maintenance is 
performed every Tb time units. C(Tu) is the average long-
term cost per time unit and I(Tu) is the average long-term 
impact per time unit for the block-based maintenance policy 
when maintenance is performed every Tu time units of 
usage. Cp and Ip are respectively the cost and impact of a 
preventive maintenance action. tp is the downtime due to a 
preventive maintenance action. F(t) is the component 
cumulative failure distribution. M(Tb) is the renewal 
function as defined in [15]. 
Based on Equations 2 to 7, both an economic and 
ecological optimum can be determined for the three 
considered maintenance policies. 
To integrate both the economic and ecological results 
into an integrated score, a weighing factor can be used. The 
standard weighing factor, w, used in this paper is 0.11 
€/eco-point. This factor is based on the equivalent amount 
of eco-points for a unit CO2 and the price of CO2. The 
integrated cost becomes: 
impact ecological cost  economic cost  Integrated ??? w         
(8) 
Integration of the economic and ecological results is also 
possible by using Pareto analysis rather than a weighting 
factor. Pareto analysis is a commonly used technique based 
on the principle of ‘non-dominated solutions’ to represent 
the results of a multi-objective optimization problem in the 
form of a Pareto front. The major advantage of using this 
methodology is that there is no need for a weighting factor 
between the economic and ecological analysis results. The 
interested reader is referred to [18] for more details on this 
technique. 
2.3. Output 
Based on the developed model it is possible to determine 
the optimal maintenance policy and its corresponding 
optimal preventive maintenance interval for a specific case 
study. This can be based on economic, ecological or 
integrated motives. Furthermore, a thorough sensitivity 
analysis is possible based on the extracted results. 
3. Case study: cutting tool 
In this section, the developed integration framework is 
validated by application to a case study of a cutting tool of a 
turning machine with regard to face turning operations. The 
input data are based on face turning operations for the 
production of the part shown in Figure 3 [19]. The type of 
turning machine used in this case study is the Gildemeister 
CTX 420 linear and the used material is SAF2205. The 
production time for the given part is 227 seconds. The 
cutting power P[W] as a function of the cutting time t[min] 
(i.e. and corresponding tool wear) and the material of the 
product, which is used to derive the energy consumption, is 
shown in Figure 4 [19]. This relation is approximated for 
the SAF2205 material by the following function: 
3.1301000095918.0 3 ?? tP                                             (9) 
 
 
Fig. 3. Produced part [19]. 
 
 
Fig. 4. Cutting power as a function of the cutting time [19]. 
Some assumptions are made: 
? A constant production rate is assumed, independent of 
the wear of the cutting tool. 
? Maintenance is perfect, which means that components 
are as good as new after maintenance. 
? A single-component (i.e. cutting tool) system is 
considered. 
A short description on the used data for this case study is 
provided below. A more detailed description of the 
incorporated costs, impacts and calculations can be found in 
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[20]. The production volume Q equals 15.9 parts/h as the 
production of a single part takes 227s. The profit per part cw 
equals 2€ and is based on a 30% profit margin on the 
production cost of the part. The production cost, which 
equals 6.71€, consists of the material cost, cost of end-of-
life treatment, machine cost and energy cost. The personnel 
cost equals 27€/h and the energy cost is 0.10€/kWh. The 
cost of a cutting tool is 15.84€. The preventive maintenance 
cost Cp consists of the cost of a new cutting tool (15.84€), 
downtime losses (based on the preventive maintenance 
downtime Tp which equals 0.08h), personnel cost (27€/h) 
and cost of energy consumption (based on Equation 9). The 
corrective maintenance cost Cc equals the preventive 
maintenance cost plus an additional cost due to the loss of 
the produced part (6.71€) and an additional downtime cost 
(based on the corrective maintenance downtime Tc which 
equals 0.18h) due to the failure. The ecological impact of a 
preventive maintenance action Ip consists of the impact of 
the energy consumption (based on Equation 9 and an 
impact of electricity generation of 0.0529 eco-points/kWh), 
impact of the cutting tool (0.00146 eco-points based on the 
material, processing and transport) and the impact of the 
end-of-life treatment of the cutting tool (0.000023 eco-
points). The ecological impact of a corrective maintenance 
action Ic equals Ip plus an additional impact of the end-of-
life treatment of the lost part (0.0046 eco-points). The 
reliability of the cutting tool is modeled by a Weibull 
distribution (Equation 1) where the shape parameter α 
equals 3 and the scale parameter λ equals 280. For the 
failure-based maintenance policy there is no optimization 
parameter (i.e. maintenance interval) to consider. Hence, 
based on Equations 2 and 3, the economic cost becomes 
0.1287 €/min, the ecological impact is 0.3563 milli-eco-
points/min and the integrated cost becomes 0.1288 €/min. 
For the block-based and use-based maintenance policy the 
optimum is determined by calculation of the optimal 
maintenance interval based on economic, ecological as well 
as an integrated analysis (see Equations 4-7). The results 
are shown in Tables 1 and 2, and Figures 5-7. As shown in 
the results, the age-based maintenance policy is 
outperforming the other two policies on all aspects (i.e. 
economic, ecological and integrated). 
Table 1. Results block-based maintenance. 
 Economic 
optimum 
Ecological 
optimum 
Integrated 
optimum 
Tb 180 68 180 
Cost (€/min) 0.1657 0.3113 0.1657 
Impact (millipoints/min) 0.1527 0.0328 0.1527 
Integrated cost (€/min) 0.1657 0.3114 0.1657 
 
Table 2. Results use-based maintenance. 
 Economic 
optimum 
Ecological 
optimum 
Integrated 
optimum 
Tu 281 70 281 
Cost (€/min) 0.1240 0.2992 0.1240 
Impact (millipoints/min) 0.3183 0.0325 0.3183 
Integrated cost (€/min) 0.1240 0.2992 0.1240 
 
Fig. 5. Economic cost in function of the maintenance interval for the 
block-based (BBM) and use-based maintenance (UBM) policy. 
 
Fig. 6. Ecological impact in function of the maintenance interval for the 
block-based (BBM) and use-based maintenance (UBM) policy. 
 
Fig. 7. Integrated cost in function of the maintenance interval for the 
block-based (BBM) and use-based maintenance (UBM) policy. 
From the results it is clear that the economic optimal 
maintenance interval is significantly larger than the 
ecological optimal maintenance interval. The major reason 
for this is that the ratio of the economic cost of energy 
consumption and failure relative to the fixed costs is much 
smaller than in the ecological case. In this way the energy 
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consumption only has a major impact on the ecological 
optimum. Furthermore, the ecological impact on the 
integrated results is almost non-existing. Hence, the 
integrated cost is determined by the economic cost. 
As the integrated results depend on the weighing factor, 
a Pareto analysis, shown in Figure 8, is performed to 
eliminate the effect of this weighing factor. From this 
analysis it is clear that by allowing a small increase in 
economic cost, the ecological impact can be reduced 
significantly. 
 
 
Fig. 8. Pareto analysis for the block-based (BBM) and use-based 
maintenance (UBM) policy. 
4. Conclusions 
This paper develops a framework that integrates 
ecological aspects in maintenance management. As such an 
economic and ecological analysis tool is developed for 
three maintenance policies: failure-based maintenance, 
block-based maintenance and use-based maintenance. 
Based on the presented models it is possible to determine 
the optimal maintenance interval considering an economic, 
ecological and integrated optimum. Finally, the developed 
model is verified and validated by application to a case 
study of a cutting tool of a turning machine. The results 
show that the ecological optimal maintenance interval is 
significantly shorter than the economic optimal 
maintenance interval. The integrated optimum is dominated 
by the economic cost and the effect of the ecological impact 
is negligible. Furthermore, Pareto analysis indicates that by 
allowing a small increase in economic costs by adapting the 
preventive maintenance interval, a significant reduction in 
ecological impact can be gained. Further research will be on 
the inclusion of condition-based maintenance into the 
developed framework and the extension to other case 
studies. 
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